BIPV is now widely used in office and residential buildings, but its seismic performance still remained vague especially when the photovoltaic (PV) modules are installed on high-rise building facades. A new form of reinforced concrete shear wall integrated with photovoltaic module is proposed in this paper, aiming to apply PV module to the facades of high-rise buildings. In this new form, the PV module is integrated with the reinforced concrete wall by U-shaped steel connectors through embedded steel plates. The lateral cyclic loading test is executed to investigate the seismic behavior and the electric and thermal performance with different drift angles. The seismic behavior, including failure pattern, lateral force-top displacement relationship, and deformation capacity, was investigated. The power generation and temperature variation on the back of the PV module and both sides of the shear wall were also tested. Two main results are demonstrated through the experiment: (1) the U-shaped steel connectors provide enough deformation capacity for the compatibility of the PV module to the shear wall during the whole cyclic test; (2) the electricity generation capacity is effective and stable during this seismic simulation test.
Introduction
Solar energy is clean and renewable energy. At present, using solar energy to generate electricity has been concerned by a growing number of researchers. According to the report of International Energy Agency, there will be onefifth of the whole global energy produced by solar system by 2050 and a rise of 60% is anticipated by the end of this century [1] . Since buildings consume more than 30% energy in the world, the building-integrated photovoltaic (BIPV) technology which integrates photovoltaic (PV) modules with building envelopes, such as roofs, vertical facades, or windows, becomes a popular application form [2, 3] . One of the most attractive characteristics of BIPV is the conversion of the buildings from an energy consumer with a proportion of 30%∼60% to an energy producer by themselves without occupying land [4] [5] [6] . Moreover, PV integrated buildings offer considerable scope for energy-demand offsets and reduction of greenhouse (GHG) emissions and achieve local use of electricity to avoid transmission and distribution investments and the associated losses [7] . In the latest 5 years, BIPV becomes one of the fastest growing segments of the solar industry all over the world with a predicted capacity growth of over 50% from 2011 to 2017 [8] .
For the envelope of high-rise buildings, the area of facades is much larger than that of roofs, although the angle of inclination is not the best one in terms of power generation when integrating PV modules on these buildings. According to related studies, the unit power generation capacity of the PV modules on building facades is also considerable comparing with that of roofs [9, 10] . And the total power generation value of the PV on building facades is far more than that of roofs. According to current studies, the facade photovoltaic systems can be classified into three basic types including facadesintegrated cladding, curtain walls, and structural glazing [7] , and the integration manners, materials, characteristics, and typical cases for each type of system were investigated. Han et al. [11] evaluated the outdoor performance of a naturally 2 International Journal of Photoenergy ventilate double-sided PV facade through field monitoring from a small scale test rig. Research results indicated that the heat gain from facade in summer could be substantially reduced and additional electrical power can also be generated from such facade as a byproduct. Yang et al. conducted an experiment to evaluate the cooling load component contributed by building-integrated PV walls and showed that the PV wall can reduce the corresponding cooling load components by 33%-50% [12] . Peng et al. conducted an investigation on the annual thermal performance of a photovoltaic wall mounted on a multilayer facade [13] . The results indicated that the south-facing PV wall could reduce heat gain through the envelope by 51% in summer in Hong Kong. And an optimal thickness for the air gap of southfacing PV wall (0.06 m) is recommended in Hong Kong in terms of the overall thermal performance. Bloem [14] and Sun et al. [15] studied the electrical and thermal performance evaluation of photovoltaic (PV) systems integrated as cladding components of the buildings. The optimum designs suggestions were put out through the researches. Azadian and Radzi [6] categorized four main barriers and gave suggestions to enhance the efficiency of generating and maintaining power. Related researches also indicate the PV module integrated building facade has great benefit in energy and resources saving [16] [17] [18] [19] [20] [21] .
Although various research on PV wall have been conducted, seldom research are focused on the safety and power generation performance of BIPV systems when and after earthquakes hit. As known to us, China is a country with frequent earthquakes. The cost of high-rise buildings becomes very huge. Therefore, the new constructed buildings must meet the need of both energy saving and seismic safety especially in high-rise buildings. Currently, the PV modules of building facades are designed as nonstructural components attached to the building envelope. As a special nonstructural component, the PV facades of high-rise buildings may cause secondary disaster during earthquake, if the PV system is not properly designed. The seismic design of nonstructural components has been attract more and more attentions. Special requests are given in building seismic design by and the Chinese Code GB 50011-2010 [23] . But, current nonstructural requests are not so clear and not proper to PV component. Actually, PV system has the property of producing electricity that is excellent disaster prevention and mitigation solution to the earthquake hit area. However, the reliability of power supply for disaster relief after earthquake also depends on the proper seismic design [24] .
Shear wall is one of the most widely used structural members in the high-rise buildings due to its high lateral bearing capacity and energy dissipation capacity [25] [26] [27] [28] [29] . According to the related engineering installation atlas of BIPV, the PV module is installed on building walls by bolts and steel beams, but even this installation atlas form has not been evaluated in terms of seismic safety. Moreover, expansion anchor bolt has been proved not so reliable under seismic action.
As we have seen, BIPV has been applied worldwide, while the structural property especially the seismic behavior has not been evaluated. Current BIPV forms are seldom applied on structural facades especially on high-rise structures for its safety consideration. With the consideration of seismic safety and material saving, a new kind of PV facade form, an integrated PV module with shear walls, called U-shaped steel connected PV integrated shear wall (U-PV-SW), is proposed according to the current PV installation forms. As a possible PV facade application form, this U-PV-SW is designed in detail here. To clarify the construction procedure and evaluate the structural property and the electricitygeneration capacity, a U-PV-SW model was made and tested. The design and installation measure are simulated by model construction. The seismic behavior and power generation capacity are evaluated under the reversed low cyclic loading test. And the temperature variation of the PV module and walls is tested simultaneously.
Design and Construction of the U-PV-SW
A U-shaped steel connected PV module integrated shear wall is designed in this study. The PV module was mounted on the predesigned embedded steel plates of the shear wall by bolts and U-shaped steel connectors. In this design, a multicrystalline silicon (mc-Si) PV module with maximum efficiency of 15% was chosen here. The dimensions and details of the PV module are shown in Figure 1 . The total weight of PV module is 18.6 kg. The electrical and mechanical characteristics are listed in Table 1 . The shear wall was designed as common structure member with embedded columns according to Chinese Code for Seismic Design of Buildings (GB 50011-2010) and Code for Design of Concrete Structures (GB 50010-2010) [23, 30] . Four steel plates with dimensions 143 mm × 110 mm × 8 mm are fixed on the shear wall which is designed according to request of embedded element in Chinese Code for Design of Steel Structures (GB 50017-2003) [31] . The embedded plates were welted with reinforcements cage of the shear wall by four D8 (diameter = 8 mm) reinforcements before the concrete were casted. Then, the U-shaped steel connectors were welted on the embedded steel plate so as to be fixed on the reinforced concrete shear wall. Since the PV module is applied on high-rise structures, we chose steel instead of aluminum alloy as the connector material. The dimensions of shear wall and embedded plates and U-shaped connectors are shown in Figure 2 .
Commonly, concrete shear walls are designed as a ductile member and often failed at the corner as concrete crush and steel bar buckling after earthquake hit. Under this consideration, the embedded steel plates are located away from the critical area so as to avoid the connection failure caused by corner concrete crush.
The U-shaped connectors were welded to the embedded steel plates after the shear wall concrete was casted, see Figure 2 (a). There is a 15 mm × 12 mm preformed hole on the U-shaped connector to connect PV module by bolts; see Figure 2 (b). The PV module was connected to the connectors by four D8 (diameter = 8 mm) bolts. Since the main structural response under earthquake is lateral deformation, the holes on the U shape connector can provide relative movement space between bolts and connector like most bolt International Journal of Photoenergy connected steel elements. Moreover, the installation error can also be adjusted by the enlarged hole. Figure 3 shows the installation details of the U-PV-SW (U-shaped steel connected PV integrated shear wall). Firstly, the U-shaped steel connectors were welded in the predesigned position of embedded plates. Then, the PV module was connected to the steel connectors by four bolts. Some pieces of rubber gaskets (HS=45) with a thickness of 3 mm were placed between the bolts and PV module as dampers to reduce the collision. The thickness of the air gap between the PV modules and the facade has a significant influence on the thermal performance of PV wall [11, 13] . In this paper, the air gap was determined to be about 0.075 m for Shanghai weather conditions.
The construction procedure was simulated through the model fabrication. The embedded element is fixed on the shear wall smoothly, and the U shape connector was also welted on the embedded plates conveniently, but it takes a little bit time. If it can be installed by bolt or locked directly, the installation period can be reduced obviously. When installing the PV module with the U-shaped connector, the bolt needs to be screwed carefully. If the space of the U shape connector is lager, the bolt connecting will be easier or use lock form. Through this installation simulation, several suggestions can be made. (1) The connector can be bolted or locked with the shear wall; (2) the bolt screw space needs to be considered when installing the PV module with the connector; and a lock form connection is preferable. story of a high-rise structure. Figure 4 shows the details of the specimen. The shear wall is 2000 mm in height, 1000 mm in length, and 125 mm in thickness. The aspect ratio (i.e., height-to-width ratio) of the shear wall is 2.0. A reinforced concrete foundation beam with a cross-section of 550 mm by 550 mm was casted together with the wall, through which the specimen was securely clamped to the reaction floor by 4 large size bolts. The reinforced concrete top beam with a cross-section of 400 mm by 400 mm was casted as well, through which the horizontal loads were applied to the wall. As shown in Figures 4(a) and 4(b), the reinforcement details of the shear wall and the boundary elements were designed according to the provision of Chinese codes GB 50011-2010 [23] and GB50010-2010 [31] . The reinforcement of the foundation and top beams was designed strong enough to ensure the beams will not be damaged during the test, and there was no damage in the process of the actual test. Figures 4(d), 4(e), and 4(f) present the reinforcing details of these beams, respectively.
Experimental Investigation

Material Property.
The concrete of C40 is adopted in the specimen making (nominal cubic compressive strength cu, = 40MPa, and design value of axial compressive strength , = 19.1 MPa). Actual cubic compressive strength cu, of the concrete was tested by cubes of 150 mm × 150 mm × 150 mm concrete blocks and the results are listed in Table 2 (a). And the actual value of axial compressive strength of concrete , was tested on a prism with dimension of 300 mm × 100 mm × 100 mm. It is worth noting that the actual value of axial compressive strength of concrete , was about 0.75 times of cu, in consistent with the value of 0.76, which is recommended by the Chinese Code for Design of Concrete Structures (GB50010-2010) [31] . Four steel embedded plates were made with the steel of grade Q235 (nominal yield strength = 235 MPa, design value of yield strength , = 215 MPa). There were two types of reinforcements in the shear wall, and their strength grades were HPB235 ( = 235 MPa) and HRB335 ( = 335 MPa), respectively. The actual test values of both steel plates and reinforcements are listed in Table 2 (b). The bolts of D8 are used to connect U shape steel connector and PV module (nominal ultimate strength of D8 bolts, = 400 MPa, and the ratio / = 0.8). Figure 5 shows the test setup, where the specimen was located in the steel frame. The foundation beam was clamped to the floor by bolts. The top beam was connected to a hydraulic actuator in the horizontal direction by four loading screws (diameter = 42 mm). Several rollers with out-of-plane support beams were set on both sides of the top beam of the shear wall to prevent out-of-plane deformation during the whole test. The low cyclic lateral load was acted by the actuator mounted horizontally to the reaction wall. The horizontal loading point (i.e., the mid-height of the top beam) was 2200 mm above the base of the wall, so the shear span ratio of the wall was 2.2. Figure 6 shows the loading history of the test, which was controlled by displacement. Before the specimen was yield, the displacement was increased by 1 mm with each cycle. After the specimen was yield, the displacement was increased as by 2 mm with every three cycles. The ultimate displacement was designed as 40 mm, while, in order to ensure the safety of the specimen, and the last two loading sequence (37 mm and 40 mm) was maintained only one cycle. In each loading sequence, the specimen was pushed first and then pulled by the actuator. The test was terminated when the loading displacement reached 40 mm, (40 mm is 1/50 of the height of the specimen). It is regarded that a structure may collapse when the story drift angle exceeds the criterion of 1/50 [23] . During the experiment of the specimen, several sensors and data acquisition system were employed to collect the structural behavior information. The sensors in the actuators were used to measure the lateral load and top displacement of the specimen. The LVDTs (linear variable different transformers) were used to measure the global and local deformations of the shear wall. Figure 7 gives out the location of the LVDTs distributed on the specimen. Three LVDTs (LVDTs 1 # to 3 # ) were used to measure the displacement variation along the height of the wall. One pair of intercrossed LVDTs (LVDTs 4 # and 5 # ) measured the shear deformation of the wall. Two pairs of horizontal LVDTs (LVDTs 6 # to 9 # ) measured the lateral displacement along the height of the PV module in both left and right sides. Another two pairs of horizontal LVDTs (LVDTs 10 # to 13 # ) were employed to measure the lateral displacement of the four connectors. In addition, several strain gauges were stuck on the steel bars International Journal of Photoenergy of the shear wall to measure the vertical, horizontal strain variation during the test. Figure 8 shows the instruments for measuring temperatures and electricity performance of the PV module. As the test was conducted in winter, the sunshine is not so rich, and artificial sunshine environment was established in the laboratory by using several high-power halogen lamps, which were equally spaced to ensure the uniform of irradiance (see Figure 9 ). The artificial lighting system was consisted by four 500 W halogen lamps in the middle height of the PV module and four 1000 W halogen lamps at the upper and bottom height of the PV module. The position was fixed during the whole testing process to confirm the same lighting condition. Three thermocouples were used to measure and record the temperature variation of U-SW-PV. Two of them were stocked on the internal and external surfaces of the shear wall. Another one was stuck on the back surface of the PV module. The temperature data of the three thermocouples was collected by a data logger (GRAPHTEC midi logger GL800, see Figure 8 ).
Test Setup, Loading Program, and Instruments.
The power generation behavior of PV module was tested by I-V tracer (EKO MP-170, made in Japan). The voltage and current variation curve, the maximum power-MAX , the voltage at the maximum power point-MPP , and current at the maximum power point-MPP were also recorded by the I-V curve tracer. Actual test setup and instruments are shown in the Figure 9. 
Experimental Results
Seismic Performance of U-SW-PV
4.1.1. Overview. The typical development of the observed damage was shown in Figure 10 . Initial horizontal cracks appeared at the bottom of both sides of the wall when the top displacement reached 8 mm, as shown in Figure 10(a) .
Subsequently, the outmost longitudinal reinforcement of the boundary element became yield according to the tested steel bar property. Next, the diagonal cracks were generally observed immediately after the initial yielding of the outmost longitudinal bars. And Figure 10(b) shows the cracks on the shear wall when the drift angle is 1/120 (that is a safety limit under severe earthquake according to Chinese seismic code). And the PV module still remained perfect at this moment (see Figure 10(c) ). With the increasing of the horizontal loading, new horizontal and diagonal cracks developed fast, and the maximum width of the cracks were near 2 mm. Then, it is observed that the concrete cover at the bottom of the shear wall became crushed. Following the concrete cover spalling, the stirrups and longitudinal reinforcements were exposed, and the bars buckled or broke finally.
Damage and Failure Pattern
(1) Shear Wall. The shear wall of the U-SW-PV specimen experienced reinforcements local buckling and concrete compressive crushing. The damage process can be divided into elastic stage, plastic stage, and severe failure stage. (1) The elastic stage started from the initial loading to the yield state of the specimen. In the elastic stage, the top drift angle of the specimen is within 1/200, which meets the requirement of the Chinese seismic code (i.e. 1/1000). Drift angle is defined as the ratio of the lateral top displacement to the height of the shear wall. When the drift angle is 1/200, the strain of the reinforcements indicated the steel bars at the outer edges of the bottom of the wall also yielded. (2) After the specimen yielded, cracks and concrete spalling developed fast with the increasing of the loading. And the longitudinal bars came to be exposed. When the drift angle reached 1/116, the lateral force reached the peak value. (3) Then, it is the severe failure stage, which started from the specimen reaching the peak load to the specimen's almost collapse. In the end, the longitudinal bars fractured and the concrete in the plastic hinge area was crushed extremely.
(2) Connection. The embedded plates and the U-shaped connector have not subjected any damage during this test (see Figure 11) . Only tiny cracks appeared on the concrete around the embedded steel plates, and no concrete spalling or crushing was observed. Figure 11 demonstrates the details of the specimen after the test finished. From this figure, we can see the U-shaped connectors remained perfect when the specimen reaches the ultimate state.
(3) PV Module. The PV module is installed on the shear wall by 4 U shape steel connectors. There is no any physical damage found during and after the cyclic lateral loading test. The tempered glass, the solar cells, and the aluminum alloy frame were still in perfect physical condition.
Lateral Force-Top Displacement Relationship and the
Deformation Capacity. The relationship curves of the lateral force and the top displacement of the shear wall, including the hysteresis loop curves and the envelope curve, are shown in Figures 12(a) and 12(b) , respectively. The hysteresis loop curves of the wall appeared as reversed "S" and were similar to the same type shear walls [25] [26] [27] [28] [29] . The yielding and ultimate state are illustrated in Figure 13 . The hysteresis curves of the shear wall are almost linear and the residual drift angle is less than 1/1000. When the shear wall is yield, the loading stiffness is apparently decreased, and the lateral bearing force is still increased. When the drift angle increases to 1/120 (i.e., the drift angle limit for the RC shear wall structure subjected to an earthquake specified by code GB50011-2010 [23] ), the residual drift angle of unloading is about 1/400. With the increase of the loading level, the hysteretic loops became plumper until the specimen failed. The displacement ductility coefficient is defined as
International Journal of Photoenergy Here, Δ and Δ are ultimate displacement and yield displacement, respectively. The ultimate drift angle is
where "H" is the height of the LVDT 1 # to the wall basement. The ultimate drift angle is the average value of the pulling and pushing directions. The critical deformation values are listed in Table 3 . [32] , the ultimate story drift angle limit value in the glass curtain wall is three times of the elastic drift angle limit of the main structure in seismic design. Since the elastic story drift angle limit value of shear wall structure is 1/1000, Figure 13 : Definition of yielding and ultimate state of the shear wall.
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(Note: yield point is the point on the curve with the same abscissa with the intercross point of the horizontal line at peak point and the connecting line between 75% peak point and origin; ultimate point is the point on the curve when the lateral force decreases to 85% of the maximum value). To test the deformation of the PV module during the cyclic lateral loading procedure, the maximum horizontal displacements of PV module and U-shaped connectors in every loading cycle were monitored and recorded by LVDTs (i.e., LVDTs 6 # to 9 # for PV module and LVDTs 10 # to 13 # for U-shaped connectors, see Figure 7 ). The locations of measurement points were shown in Figure 14(a) , and the maximum displacements were shown in Figure 14(b) . The curves in Figure 14 (b) were the connection line of the maximum displacements during every loading cycle. Accordingly, three deformation stages were divided here. The first is the absolute elastic deformation. In this stage, the shear wall drift angle is about 1/200, and the PV module and connectors were basically in linear state. When the absolute displacements are between 10 and 20 mm, the shear wall was in the damage developing stage (second stage). And, in this stage, the envelope curves appeared obvious fluctuation. With the development of the cracks and the yielding of the longitudinal reinforcement, the deformation of the shear wall came into nonlinear state, which did not keep linear deformation relationship with the PV module. The last deformation stage is defined by the absolute displacements between 30 and 40 mm. In this stage, the curves of the lower position (PV 3, 4 and connectors 3, 4, as shown in Figure 14 (a)) were obviously nonlinear due to the severe damage of the shear wall foot. To illustrate the deformation compatibility of the shear wall and the PV module, the drift angle development of the shear wall and the PV module are drawn in Figure 15 . In this figure, the difference of the drift angle during the whole loading process (presented by 1) can be observed. Since the loading was added on the beam of the shear wall, the drift angle development of the shear wall is the most obvious. The drift angle development of the PV module is in accordance with that of the shear wall at first; to be exact, the two curve matched with each other before the shear wall came into the limit value of plastic drift angle (i.e., 1/120 [23] ).
From Figure 15 , we can find that, with the increase of lateral load, the drift angle of the shear wall grows up gradually (the maximum drift angle is 15.06/1000), while the growth of the PV module drift angle is not so obvious (the maximum drift angle is 10.75/1000). The difference of the drift angle of the shear wall and PV module was also drawn out in Figure 15 . With the increase of the lateral displacement, the difference of the two drift angle grew up gradually. The minimum difference of the drift angle is 2.82/1000 when the shear wall is in severe damage stage (i.e., no collapse stage according to China code [23] ). However, when the shear wall failed, the value is 6.22/1000. The growth of the difference of the two drift angle indicates that the incompatibility of the PV module and the shear wall became obvious with the plastic development of the specimen.
The investigation of the drift angle development can provide the following information. (1) According to Chinese seismic design code [23] , the U-PV-SW is exactly perfect before the drift angle reaches 1/1000 (1/1000 is the critical limit of elastic state of shear structures in Chinese Seismic Code) and did not collapse or get severely damaged before the drift angle reaches 3/1000 and 1/120 (3/1000 and 1/120 is the critical limit of plastic state of glass curtain wall and shear wall structures in Chinese Seismic Code); (2) the drift of the PV module is in accordance with that of the shear wall before the drift angle reaches 1/120; (3) when the drift angle of the shear wall is over the plastic limit of Chinese seismic code (i.e., 1/120), the difference of the two-drift angle became more and more obvious. The maximum difference of the two-drift angle is 6.22/1000, which indicates that deformation of the shear wall and the PV module is obviously inconsistent at the large deformation stage.
Electricity Generation Performance.
The I-V curves and P-V curves of the PV module during the whole test process is shown in Figure 16 . The artificial lighting environment was established before the test. The I-V and P-V data of the PV module were measured and recorded by the EKO MP-170 I-V curve tracer before and during the whole cyclic test. It is worth noting that the voltage of the artificial lighting power supply became higher than before when the socket was changed to another one after the lateral top displacement reached 33 mm for circuit problem. So, the artificial lighting condition can be divided into two stages as seen in Figures 16  and 17 . So, the generated power in the first lighting condition is far less than the second lighting condition. The curves of both I-V and P-V are also obviously different under the two lighting conditions as shown in Figure 16 . A The percentage was defined as the average power output ratio to that of elastic stage. B According to Chinese seismic code [23] , the drift angle of elastic stage is within 1/1000 and the plastic ultimate stage is 1/120.
The maximum power outputs of the PV module were shown in Figure 17 . Because the temperature of the experimental environment is relatively cold, and the test was conducted in the indoor laboratory, the artificial lighting is employed to simulate the sunshine, as shown in Figure 9 . Under the artificial lighting conditions, the current and the voltage generated by the PV module were collected. The average maximum power generated by the PV module was around 52.45 W under the first lighting condition (the lateral top displacement of shear wall is within 1 mm to 31 mm). And the average maximum power was up to around 60.58 W under the second lighting condition (the lateral top displacement of shear wall is within 31 mm to 40 mm). The electric power output performance of the PV module under the two artificial lighting conditions is listed in Table 4 . In this table, the power generation performance is compared under different specimen drift angle with the same lighting condition.
From Figures 16 and 17 and Table 4 , we can find that the power generation performance keeps stable under cyclic movement, and the power capacity is not obviously influenced by the failure of the shear wall. To be exact, the power output in plastic stage is 98.54% compared to the elastic stage and 99.16% in "no collapse" stage (severe damage stage).
Temperature Variation.
As mentioned above, the temperature sensors were stuck on internal and external surface of the shear wall center and the back of the PV module center. The temperature variation of the back surface of PV module and the internal and external surfaces of shear wall during the whole test process were monitored and shown in Figures 18  and 19 . In addition, the temperature difference curve between the back of PV module and external surface of shear wall was drawn in Figure 18 , and the temperature difference curve between the external and internal surface of shear wall was drawn in Figure 19 .
During the whole test, the ambient temperature was around 7
∘ C (Dec 26, 2013, Shanghai). The test was conducted from 8:30 am to 14:30 pm, and there was a break in lunch time. The temperature was measured through the whole process of the cyclic test. According to the measurement results, the temperature of PV module rose fast under the artificial lighting and maintained around 40 ∘ C soon. The temperature of the external surface of the wall increased from 8 ∘ C to 15.9 ∘ C. The temperature of the external surface of the shear wall increased obviously at first and then came to increase slowly. It rose from 7. 
0.5
∘ C/1 h). Therefore, the temperature tends to be basically constant. Figure 19 shows the temperature of shear wall in both external and internal surfaces. The temperature of internal surface of the shear wall increased with the cyclic experiment process, and its final temperature reached up to 13.6 ∘ C at 14:19 pm. The temperature difference between the external and internal surface was maintained around 2 ∘ C during most of the test process.
Each temperature curve in Figures 18 and 19 showed that the temperature variation was not obviously influenced by specimen drift state or damage development state, and the PV module and the shear wall tend to maintain at a certain temperature value under the irradiation condition. the U-PV-SW demonstrates the applicability to be used in residential or office buildings.
Discussions
(1) Seismic Performance. The failure pattern of the shear wall demonstrates that the damage pattern has not been obviously influenced by the integrated PV module. The critical failure pattern is also at the bottom corner as concrete crushing and steel bars buckling. It is almost the same as the tests the authors had conducted for the similar shear walls [27] [28] [29] [30] . The drift angle of the shear wall is 1/200 and 1/116, which meets the requirement of Chinese seismic design code [23] . As Chinese seismic design code gives out the limits at elastic stage and plastic stage, these two limits of shear structures are 1/1000 and 1/120. Actually, these two limits are applied to confirm no damage at frequent earthquake and no collapse at severe earthquake. According to this idea, the U-PV-SW specimen absolutely meet the requirement for it has no damage before the drift angle is 1/200 and does not collapse till the specimen reached the ultimate state, when the drift angle is close to 1/50.
The PV module is integrated to the shear wall by Ushaped steel connector. Because the main component of PV module is a brittle material, the connector is designed to have enough deformation capacity to prevent the large deformation of PV module when the shear wall gets under severe earthquake. The tested result indicates the PV module and the U shape steel connector suffered no visible damage during the whole seismic simulation test. The drift angle of PV module is basically in accordance with that of the shear wall when the shear wall is within plastic stage. And it is not increased as obviously as that of the shear wall in "no collapse" (severe damage) state. The maximum drift angle of the PV module is 10.75/1000, and that of the shear wall is 15.06/1000. The drift angle difference is about 1/200 when the specimen reached the ultimate state. Therefore, the U shape connector plays an important role in reducing the deformation of the PV module when the shear wall has severe lateral deformation. The electricity generation efficiency also provides evidence to perfect condition of the PV module. According to Chinese seismic design of glass curtain wall [32] , the drift angle limit is 3/1000, while the PV module is not damaged when the drift angle is 10.75/1000, which is far more than that of the required limit value. Therefore, even if the PV integrated shear wall structures are designed according to the current code, it meets the deformation limit requirement.
An important issue is noted here. The drift angle of shear wall is 1/120 under severe earthquake in Chinese seismic design code, and the drift angle limit of glass curtain wall is 3/1000 (about 1/333), which is far less than that of shear wall. If we design the PV integrated shear wall structure with the limit of 3/1000, it will be too strict for the structures and will result in much waste. Two ways are suggested to address this issue. One is to design the connector with enough deformation capacity and vibration reduction effect. The other is to amend the deformation limit of PV system. Both of the two ways need to be investigated for the seismic design.
(2) Electricity Generation Efficiency. The electricity generation variation is monitored in the same irradiation condition during the whole seismic simulation test. The collected results are divided into three stages. And the electricity generation at each stage is almost at the same condition. That indicates the electricity generation capacity is not influenced by the lateral deformation of the PV module, and the condition of the PV module is still perfect after the test.
These results indicate that, after severe earthquake hit, the PV module integrated on the buildings can be with perfect condition to continue to generate electricity, so to improve the earthquake rescue capacity by necessary power supply. That is important for life safety and earthquake relief.
(3) Thermal Performance. Under the artificial irradiation, the highest temperature of PV module reached 41.1 ∘ C, and those of the external and internal shear wall surface tend to be maintained at 15.9 ∘ C and 13.7 ∘ C. The temperature difference of the external and internal shear wall surface was maintained at 2 ∘ C. As known to us, shear wall is a kind of structural member with good insulation performance; with external and internal insulation construction layer, the thermal performance can also be improved. So, applying the PV system to high-rise shear wall structures has both electricity generation capacity and obvious energy saving effect. The maximum temperature difference between shear wall external surface and PV module back is 28.5 ∘ C. So, the tested temperature variation provides the evidence that the temperature increase can be obviously reduced by the existence of the air gap. The flowing air can reduce the growth of the building temperature, and, on the other hand, it can ensure that the electricity generation capacity is not influenced by the temperature increase.
(4) Construction Convenience. The construction procedure of the U-shaped steel connected PV module integrated shear wall is practiced in this experimental study. The embedded element can be fixed in shear wall conveniently. But, the bolt method is preferable to the weld method considering the convenience of the installation of the U-shaped steel connector. And the U-shaped connector needs to be optimized with the shape and dimension to install or change the PV modules. However, to allow the deformation incompatibility between the PV module and the shear wall, the optimized connector needs to have enough deformation capacity.
Conclusions
This paper proposed a U-shaped steel connected PV integrated shear wall (U-PV-SW). A lateral cyclic loading test was carried out to evaluate the seismic, electricity generation, and thermal performance. The findings and conclusions can be summarized as follows.
(1) The seismic performance of the shear wall of the U-PV-SW is not obviously influenced by the integrated PV module. And the PV module is in accordance with the shear wall within the plastic drift limitation in Chinese seismic code. The U-shaped connector has obvious deformation capacity to reduce the drift angle of PV module by 1/200, compared with that of the shear wall at the ultimate stage.
(2) The electricity generation capacity is not influenced by the lateral deformation of the PV module. The power output is almost the same at different deformation stages according to the shear wall seismic design limit. And, with the U-shaped flexible connection, the condition of the PV module is perfect till the completion of the test.
(3) The temperature increase can be obviously reduced by the existence of the air gap. According to the tested result, the maximum temperature difference between shear wall external surface and PV module back is 28.5 ∘ C.
(4) The construction practice indicates the U-shaped connector needs to be further improved to meet the requirement of easy construction, optimal air gap, and the effective deformation capacity.
Applying the BIPV technology to high-rise buildings needs to meet the requirement of the seismic design code. The design code of glass curtain wall is not adequate for the design of PV module system and should be improved in future PV system design. The connector form still needs to be optimized considering the seismic safety and efficient service performance of both the PV and shear wall.
